In a recent study Diogo & Abdala [(2007) J Morphol 268 , 504-517] reported the results of the first part of a research project on the comparative anatomy, homologies and evolution of the pectoral muscles of osteichthyans (bony fish and tetrapods). That report mainly focused on actinopterygian fish but also compared these fish with certain non-mammalian sarcopterygians. This study, which reports the second part of the research project, focuses mainly on sarcopterygians and particularly on how the pectoral and forelimb muscles have evolved during the transitions from sarcopterygian fish and non-mammalian tetrapods to monotreme and therian mammals and humans. The data obtained by our own dissections of all the pectoral and forelimb muscles of representative members of groups as diverse as sarcopterygian fish, amphibians, reptiles, monotremes and therian mammals such as rodents, treeshrews, colugos and primates, including humans, are compared with the information available in the literature. Our observations and comparisons clearly stress that, with regard to the number of pectoral and forelimb muscles, the most striking transition within sarcopterygian evolutionary history was that leading to the origin of tetrapods. Whereas extant sarcopterygian fish have an abductor and adductor of the fin and a largely undifferentiated hypaxial and epaxial musculature, extant salamanders such as Ambystoma have more than 40 pectoral and forelimb muscles. There is no clear increase in the number of pectoral and forelimb muscles within the evolutionary transition that led to the origin of mammals and surely not to that leading to the origin of primates and humans.
Introduction
In a recent study Diogo & Abdala (2007) reported the results of the first part of a research project on the comparative anatomy, homologies and evolution of the pectoral muscles of osteichthyans (bony fish and tetrapods). That report mainly focused on actinopterygians (including extant cladistians, chondrosteans, ginglymods, halecomorphs and teleosts) but also compared the configuration found in these fish with that found in certain non-mammalian sarcopterygians. This study, which reports the second part of this research, is mainly focused on sarcopterygians (including extant actinistians, dipnoans and tetrapods) and particularly on how the pectoral and forelimb muscles have evolved during the transitions from sarcopterygian fish and non-mammalian tetrapods to monotreme and therian mammals and modern humans.
Several studies have provided information on the pectoral and/or forelimb musculature of osteichthyans but most of these focused on a single taxon (e.g. Diogo & Abdala 2007 ). The few comparative analyses that were actually based on a direct dissection of members of taxa as diverse as, e.g. sarcopterygian fish, amphibians, reptiles, monotremes and therian mammals, including humans, were published decades ago by authors such as Humphry (1872) Brooks (1886ab, 1887 Brooks (1886ab, , 1889 , Ribbing (1907) Romer (1922 , Howell (1933ab, 1935 , Haines (1939 Haines ( , 1946 Haines ( , 1950 Haines ( , 1951 Haines ( , 1952 Haines ( , 1955 Haines ( , 1958 and Straus (1942) among others. Thus, these authors did not have access to the information that is now available concerning the development of the pectoral and forelimb muscles of taxa such as marsupials, chickens and humans (e.g. Cheng 1955; Cihak 1972; Shellswell & Wolpert 1977) , the essential role of neural crest cells in the development and patterning of not only the axial but also the appendicular muscles in vertebrates (e.g. McGonnell 2001; Thorsen & Hale 2005) , or the molecular and other evidence that has accrued about the phylogenetic relationships of some groups (e.g. . Moreover, although the authors mentioned above did compare a wide range of sarcopterygian taxa, the results of their comparisons were usually published in reports that were mainly focused on a regionally-localized group of muscles (e.g. forearm extensors: Haines 1939; forearm flexors : Straus 1942; Haines 1950 ; muscles of pectoral girdle and arm: Romer 1924 Howell 1935 Howell , 1936a Howell , 1937a ; muscles of forearm and hand : Howell 1936b : Howell , 1937d or on a specific subgroup of sarcopterygians (e.g. amphibians : Howell 1935; reptiles: Howell 1936a; monotremes: Howell 1937acd) .
The aim of the present study was to dissect the pectoral and forelimb muscles of representative members of groups as diverse as sarcopterygian fish, amphibians, reptiles, monotremes and therian mammals, including modern humans (Fig. 1) , to compare this new evidence with the information available in the literature, and then to collate and synthesize all of the new and existing data. The results of this synthesis are shown in Tables 1 and 2 , which summarize the data and present the most supported hypotheses of homology for all of the pectoral and forelimb muscles of the selected sarcopterygian taxa listed in the tables. To our knowledge this type of information has never been integrated in a single publication. It is hoped that this synthesis of the data will be useful to comparative anatomists, evolutionary biologists, functional morphologists and, importantly, to researchers working in other fields such as developmental biology, genetics and/ or evolutionary developmental biology (e.g. enabling workers interested in the development/genetics of, or the diseases associated with, the human pectoral/forelimb muscles to more easily determine the homologous structures in mammalian and non-mammalian model organisms such as rats or salamanders).
Materials and methods
The phylogenetic framework for the discussion provided in the present report and the comparison between the pectoral and forelimb muscles of the genera listed in Tables 1 and 2 and shown in Figs 2-6 is set out in Fig. 1 . As noted above, one of the main aims of the present work was to investigate how the pectoral and forelimb muscles have changed during the evolutionary transitions from non-mammalian sarcopterygians to monotreme and therian mammals, and then to 'higher' primates as exemplified by modern humans. We have therefore dissected all of the pectoral and forelimb muscles of representative members of groups such as sarcopterygian fish, amphibians, reptiles and mammals, and carefully chosen to include in the tables: (1 and 2) the nonmammalian tetrapods included in the tables of Diogo & Abdala (2007) , i.e. Ambystoma ordinarium and Timon lepidus (we have not included sarcopterygian fish in these tables because they have a single abductor and a single adductor of the pectoral fin; see below); (3) a member of the phylogenetically most plesiomorphic extant mammal clade, the monotremes ( Ornithorhynchus anatinus ); (4) a member of the rodents, namely the Norwegian rat ( Rattus norvegicus ), because rats are often considered as 'anatomically generalized' therian mammals but at the same time are somewhat closely related to primates (see Fig. 1 ); (5 and 6) a member of the colugos ( Cynocephalus volans ) and a member of the tree-shrews ( Tupaia sp.), i.e. of the two groups that are usually considered the closest living relatives of primates (see Fig. 1 ); and (7) a member of the Primates, Homo sapiens . In order to discuss the evolutionary transitions leading to the emergence of primates and then of 'higher' primates (see below), we not only dissected primates such as humans, chimpanzees and orangutans and non-primate taxa that are closely related to primates, such as tree-shrews and colugos, but also reviewed numerous works concerning the pectoral and forelimb muscles of all of the major primate groups, i.e. strepsirhines, Fig. 1 Phylogenetic framework for the discussion provided in the present report and the comparison between the head and neck muscles of the tetrapod genera listed in Tables 1 and 2 and shown in Figs 2-6 (as dipnoan and actinistian fishes are also mentioned in the text, the extant genera of these two non-tetrapod sarcopterygian groups are also included in the cladogram), based on Shoshani et al. (1996) , Kardong (2002) , Sargis (2002a Sargis ( ,b, 2004 , Dawkins (2004) , Kemp (2005) , Marivaux et al. (2006) , , Janecka et al. (2007) and Silcox et al. (2007) . N.B., when we use the term reptiles we refer to the group including taxa such as turtles, tuataras, lizards, snakes, crocodiles and Aves, which, despite some controversy, continues to be considered a monophyletic taxon by most taxonomists and in most general textbooks (e.g. Kardong, 2002; Dawkins, 2004; . The Primates, Dermoptera (including colugos or 'flying lemurs') and Scandentia (including tree-shrews) are placed in an unresolved trichotomy because the relationships between these three groups remain mainly unresolved (some authors continuing to group colugos with tree-shrews, others group tree-shrews with primates, and yet others group colugos with primates, e.g. Sargis, 2002a Sargis, ,b, 2004 Dawkins, 2004; Marivaux et al. 2006; Janecka et al. 2007; Silcox et al. 2007 ).
Table 1
Scheme illustrating the authors' hypotheses regarding the homologies of the pectoral and arm muscles of adults of representative tetrapod taxa
The nomenclature of the muscles follows that used in the text; in order to facilitate comparisons, in some cases names often used by other authors to designate a certain muscle/bundle are given in front of that muscle/bundle, between round brackets; additional comments are given between square brackets. Data compiled from evidence provided by our own dissections and comparisons, and from a review of the literature. The black arrows indicate the hypotheses that are most strongly supported by the evidence available; the grey arrows indicate alternative hypotheses that are supported by some data but overall are not as strongly supported by the evidence as are the hypotheses indicated by the black arrows (e.g. the overall analysis of the data available indicates that the dorsoepitrochlearis corresponds to part of the triceps brachii of non-mammalian tetrapods but the possibility that it corresponds instead to part of the latissimus dorsi of these latter animals cannot be discarded) (see text, and also Table 2 and Figs 2-6). 1 (serrati sensu Howell, 1937b) 2 (serratus ventralis sensu Kardong & Zalisko, 1998 and Kardong, 2002) 3 (serrati scapulae sensu Howell, 1937a) 4 (serratus magnus sensu Greene, 1935 and cervical part of serratus ventralis sensu Walker & Homberger, 1998) 5 (serratus anticus major sensu Leche, 1886) 6 (serratus anticus sensu Le Gros Clark, 1926; ventral portion of serratus anticus and of serratus magnus sensu Le Gros Clark, 1924 and George, 1977) 36 [divided into clavicular, sternocostal and abdominal heads] 37 (posterior portion of pectoralis sensu Jouffroy & Lessertisseur, 1971) [our dissections indicate that, as suggested by Jouffroy & Lessertisseur, 1971 , the pectoralis of Ornithorhynchus is differentiated into an anterior, ventral portion, i.e. the pectoralis major, and a posterior, dorsal portion, i.e. the pectoralis minor] 38 (entopectoralis sensu Lander, 1918) [as described by Greene, 1935 it is divided into three sections corresponding to the cephalic part of the entopectoralis ('pectoralis minor'), the caudal part of the entopectoralis ('pectoralis abdominalis') and the xiphihumeralis ('pectoralis tertius') sensu Lander, 1918] 39 (entopectoralis sensu Lander, 1918) [as described by this author and by Leche, 1886 it includes a single section] 40 (entopectoralis sensu Lander, 1918) [divided into two heads corresponding to the pectoralis minor and abdomino-humeralis sensu Le Gros Clark, 1924 , 1926 , to the pectoralis minor and the pectoralis abdominalis sensu George, 1977, and to the pectoralis minor and the pars abdominalis of the pectoralis sensu Kladetsky & Kobold, 1966] 41 [includes a single section] 42 (supracoracoideus sensu Jouffroy & Lessertisseur, 1971 ; coracohumeralis intermedius sensu Howell, 1937a,b) 43 (suprascapularis sensu Jouffroy & Lessertisseur, 1971 ; coracohumeralis profundus sensu Howell, 1937a,b) [the infraspinatus and supraspinatus are derived from the supracoracoideus; as in a few reptiles such as chameleons the supracoracoideus occupies a more dorsal position than it usually does in non-mammalian tetrapods, some authors consider that it is transformed into an infraspinatus and a supraspinatus as in mammals (these two muscles are usually dorsal to the pectoral girdle in mammals) but this is not accepted by, e.g. Jouffroy & Lessertisseur, 1971] 44 [the deltoideus scapularis sensu Jouffroy, 1971 corresponds to the dorsalis scapulae sensu Howell, 1937b , Diogo & Abdala, 2007 45 (dorsalis scapulae sensu Abdala, 2007 and 46 [Greene, 1935 describes only an acromiodeltoid and a spinodeltoid in Rattus ; in the rats dissected by us there are three distinct deltoid muscles: a deltoideus scapularis, a deltoideus acromialis and a deltoideus clavicularis; this is also supported by, e.g. Peterka, 1936] 47 [scapular portion of deltoideus; as noted by, e.g. Parsons, 1898 and Jouffroy, 1971 , humans, various other primates and a few other mammals have a single deltoideus, which corresponds to the deltoideus scapularis + deltoideus clavicularis + deltoideus acromialis of most mammals] 48 [according to , the procoracohumeralis longus of urodeles corresponds to the deltoideus clavicularis of lizards and to the deltoideus clavicularis + deltoideus acromialis of mammals; according to him the procoracohumeralis brevis of urodeles corresponds to the scapulo-humeralis anterior of reptiles and to the teres minor of mammals; however, this latter muscle seems instead to correspond to part of the deltoideus scapularis on non-mammalian tetrapods, the scapulo-humeralis anterior being absent in extant mammals; see 49 ] 49 (procoracohumeralis sensu Abdala, 2007 and [in this case using the name deltoideus clavicularis, which is used by most authors working with amniotes, is justified because this muscle does not correspond directly to the procoracohumeralis of Ambystoma; it corresponds only to part of it, the other part corresponding to the scapulo-humeralis anterior of Timon; see 48 ] 50 (epicoracohumeralis sensu Lander, 1918; deltoideus clavicularis + coracohumeralis superficialis sensu Howell, 1937a) [our dissections clearly suggest that, as proposed by Jouffroy & Lessertisseur, 1971 , the deltoideus clavicularis of Ornithorhynchus corresponds to the deltoideus clavicularis + coracohumeralis superficialis sensu Howell, 1937a ; this latter author stated that the coracohumeralis superficialis corresponds to part of the pectoralis of other mammals but in the Ornithorhynchus dissected by us it clearly corresponds to the deltoideus clavicularis of other mammals, which is effectively often mixed with, but not part of, the pectoralis] 51 (part of acromiodeltoideus sensu Greene, 1935 and part or totality of cleidobrachialis sensu Walker & Homberger, 1998) [Jouffroy, 1971 and Jouffroy & Lessertisseur, 1971 state that the extant reptile Agama has a muscle that is derived from the deltoideus scapularis and that probably gave rise to the teres minor of mammals; however, if this muscle is effectively present only in a few, phylogenetically derived reptiles such as Agama this is very unlikely; it is more parsimonious to assume that these two muscles have a similar developmental origin, i.e. they are derived from part of the deltoideus scapularis but are not really homologous because the scapulo-humeralis posterior was probably not present in the last common ancestor of mammals and reptiles] 57 [seemingly corresponds to part of the deltoideus scapularis of non-mammalian tetrapod; as explained by Jouffroy, 1971 , the supposed homology between the mammalian teres minor and the scapulo-humeralis anterior proposed by, e.g. Cheng, 1955 , has two main problems: (1) both the scapulo-humeralis anterior and teres minor are present in monotremes and (2) in reptiles such as lizards the nerve innervating the scapulo-humeralis anterior is related to the radial nerve and not to the axillary nerve, which is the nerve that usually innervates the teres minor in mammals (and the deltoideus scapularis in mammals and reptiles)] 58 [as noted by Kladetsky & Kobold, 1966 and George, 1977, in Tupaia the teres minor might eventually be present as an independent muscle but in the vast majority of the cases it is completely fused to the infraspinatus and/or possibly with the deltoideus scapularis] 59 (proscapulo-humeralis brevis sensu Romer, 1924 [the scapulo-humeralis anterior of Timon seemingly corresponds to part of the procoracohumeralis of Ambystoma:
Table 2 Scheme illustrating the authors' hypotheses regarding the homologies of the forearm and hand muscles of adults of representative tetrapod taxa
The nomenclature of the muscles follows that used in the text; in order to facilitate comparisons, in some cases names often used by other authors to designate a certain muscle/bundle are given in front of that muscle/bundle, between round brackets; additional comments are given between square brackets. Data compiled from evidence provided by our own dissections and comparisons, and from a review of the literature. The black arrows indicate the hypotheses that are most strongly supported by the evidence available; the grey arrows indicate alternative hypotheses that are supported by some data but overall are not as strongly supported by the evidence as are the hypotheses indicated by the black arrows, t. fbs means tendons of the flexores breves superficiales (see text and also Table 1 and Figs 2-6).
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(pronator profundus sensu , Diogo & Abdala, 2007 [we prefer to use here the name pronator quadratus because this name is used by a great number of authors working with both non-mammalian and mammalian tetrapods; see, e.g. Jouffroy, 1971 and Jouffroy & Lessertisseur, 1971] radialis] 26 (flexor antebrachii et carpi radialis sensu Abdala, 2007 and 27 [as noted by Lewis, 1989, occasionally Straus, 1942 , Haines, 1950 and Lewis, 1989 , the pronator teres of mammals corresponds to the flexor antebrachii radialis/pronator teres of, e.g. Timon, i.e. it is not partially derived from the pronator quadratus as suggested by, e.g. Howell, 1936b] 30 [as in some bats, in colugos this muscle does not pronate the forearm but mainly flexes it, together with the supinator and the brachioradialis; see, e.g. Leche, 1886) 31 (pronator radii teres sensu Le Gros Clark, 1924 Clark, , 1926 32 (flexores digiti brevis superficialis sensu Abdala & Moro, 2006) 33 [the flexores breves superficiales are absent as a group in mammals but some of them seemingly correspond to mammalian structures such as the flexor brevis digitorum manus and/or the palmaris brevis, as well as part of the flexor digitorum superficialis of most mammals; see 13 ) 34 [Walther, 1922 described a 'palmaris brevis' in the reptilian genus Carettochelys; as a palmaris brevis is seemingly absent in the reptiles dissected by us, and is also not described by most other authors, it seems unlikely that Walther's 'palmaris brevis' is really homologous with the palmaris brevis of mammals, i.e. that the common ancestor of reptiles + mammals really had a palmaris brevis] 35 [it is difficult to discern if this small muscle is present in the specimens dissected by us but authors such as Peterka, 1936 state that rats do have this muscle] 36 [not described by Leche, 1886 but it was present and well-developed in the colugos dissected by us] 37 (muscle of hypothenar pad sensu Haines, 1955) 38 [as explained by, e.g. Howell, 1936b and Lewis, 1989 , the palmaris brevis is seemingly not present as an independent muscle in non-mammalian tetrapods such as lizards and salamanders; it probably corresponds to part of their flexores breves superficiales] 39 [contrary to the 'opponens digiti V' of colugos (see 40 ), the 'opponens digiti quinti' (sensu Greene, 1935) of rats does seem to correspond to the opponens digiti minimi of the present work because it is deep and not superficial to the flexor digiti minimi brevis] 40 (opponens digiti V sensu Leche, 1886) [the opponens digiti V sensu this author is very similar, and seems to correspond, to the flexor brevis digitorum manus of, e.g. Tupaia, being superficial, and not deep, to the flexor digiti minimi brevis] 41 (primitive flexor brevis manus sensu Howell, 1936b and Straus, 1942 ; flexor brevis manus sensu Le Gros Clark, 1924 , 1926 and George, 1977 42 [seemingly missing in Ambystoma but may be present in other amphibians, see, e.g. Gaupp, 1896] 43 [include the flexor digitorum V transvs. I and flexor digitorum V transvs. II sensu Abdala & Moro, 2006 , Diogo & Abdala, 2007 44 [according to Jouffroy & Lessertisseur, 1971 , the contrahentes to digit I (adductor pollicis) is seemingly present but there are no other contrahentes digitorum in monotremes, with the exception of an eventual contrahentes going to digit V; according to Howell, 1937d , even the adductor pollicis is absent in monotremes] 45 [the contrahentes digitorum, other than the adductor pollicis, are really absent in Rattus norvegicus? Greene, 1935 does not describe these muscles in this taxon but authors such as Peterka,
705
tarsioids, new world monkeys, old world monkeys and hominoids. The dissected specimens were from the Museo Nacional de Ciencias Naturales de Madrid (MNCN), the Reptile Collection of the Hebrew University of Jerusalem (HUJ-R), the Centro Nacional Patagónico de Argentina (CONICET), the Macquarie University of Australia (MU), the Colección Mamíferos Lillo of the Universidad Nacional de Tucumán (CML), the herpetological collection of Diamante-CONICET-Argentina (DIAMR), the Fundación Miguel Lillo of Argentina (FML), the Primate Foundation of Arizona (PFA), the San Diego State University (SDSU), the Department of Anatomy (GWU-ANA) and the Department of Anthropology (GWU-ANT) of the George Washington University, the Department of Anatomy of the Howard University (HU-ANA), and the National Museum of Natural History (USNM). The nomenclature of Diogo & Abdala (2007) , which refers mainly to bony fish and non-mammalian sarcopterygians, was reconciled with the nomenclature used by researchers working with mammals (for reviews, see Jouffroy 1971; Jouffroy & Lessertisseur 1971 ) and with primates and humans (e.g. Terminologia Anatomica 1998). For the sake of uniformity, and to make it easier for the reader to compare the different taxa shown in Figs 2-6, the illustrations of non-mammalian sarcopterygians mainly correspond to those used in Diogo & Abdala (2007) , whereas those of mammals were modified from those used in Jouffroy (1971) and Jouffroy & Lessertisseur (1971) . When cited reports use a nomenclature that differs from that followed here, the respective synonymy is given in Tables 1 and 2 . We use the definitions of pectoral and forelimb muscles provided by Jouffroy (1971), so, for example, hypobranchial muscles, such as the omohyoideus, and branchial muscles, such as the trapezius or sternomastoideus (see Fig. 4 ), are not considered in the present study. When we refer to the anterior, posterior, dorsal and ventral regions of the body, we do so in the sense that the terms are used for pronograde tetrapods (e.g. the forelimb is anterior to the hindlimb and the sternum is ventral to the thoracic part of the vertebral column). The list of specimens examined for the present work is given below, following the order shown in Fig. 1 . The number of specimens examined is followed by an abbreviation that refers to the state of the specimen (alc, alcohol fixed; fre, fresh; for, formalin embalmed). The dissections were undertaken using a Wild M5 dissecting microscope. ; the nomenclature of the structures illustrated follows that of the present work). AED1, abductor et extensor digiti I; CB, coracobrachialis; CCL, contrahentium caput longum; CD, contrahentes digitorum; dI, dII, dIII and dIV, digits I, II, III and IV; DS, deltoideus scapularis; EACR, extensor antebrachii et carpi radialis; EACU, extensor antebrachii et carpi ulnaris; ED, extensor digitorum; EDB, extensores digitorum breves; ELD4, extensor lateralis digiti IV; FACR, flexor antebrachii et carpi radialis; FACU, flexor antebrachii et carpi ulnaris; FAL, flexor accessorius lateralis; FAM, flexor accessorius medialis; FBP, flexores breves profundi; FBS, flexores breves superficiales; FDC, flexor digitorum communis; HAB, humeroantebrachialis; IMC, intermetacarpales; LD, latissimus dorsi; P, pectoralis; PCH, procoracohumeralis; PR-PEC, protractor pectoralis; PRQ, pronator quadratus; SCO, supracoracoideus; TC, THL, THM and TSM, coracoideus, humeralis lateralis, humeralis medialis and scapularis medialis sections of triceps brachii.
Dipnoi
Lepidosiren paradoxa: CONICET, uncatalogued, 1 (alc). Neoceratodus forsteri: MU, uncatalogued, 2 (alc).
Amphibia
Ambystoma texanum: FML, 03402, 1 (alc). 
Monotremata
Ornithorhynchus anatinus: USNM, 13678, 1 (alc); USNM, uncatalogued, 1 (alc).
Marsupialia
Didelphis albiventris: CML, 5971, 1 (alc). Lutreolina crassicaudata: CML, 4114, 1 (alc). Monodelphis dimidiata: CML, 4118, 1 (alc).
Thylamys venustus: CML, 5586, 1 (alc).
Rodentia
Rattus norvegicus: USNM, uncatalogued, 2 (alc).
Dermoptera
Cynocephalus volans: USNM, 144941, 1 (alc); USNM, uncatalogued, 1 (alc).
Scandentia
Tupaia sp. USNM, 87244, 1 (alc); USNM, uncatalogued, 1 (alc).
Primates
Homo sapiens: GWU-ANA, 1-16, 16 (for). Pan troglodytes: PFA, 1016, 1 (fre); PFA, 1009, 1 (fre); PFA, 1051, 1 (alc); HU-ANA, C104, 1 (for); GWU-ANT, 01, 1 (for); GWU-ANT, 02, 1 (for). Pongo pygmaeus: HU-ANA, O01, 1 (for); GWU-ANT, 01, 1 (for).
Results and discussion
The results of our observations and comparisons are summarized in Tables 1 and 2 . Each of the hypotheses regarding the homologies and evolution of a muscle is based on a detailed analysis of all of the lines of evidence either obtained from our dissections or gleaned from the literature (e.g. innervation, relation with other muscular structures, relation to hard tissues, configuration/orientation of the fibers, development, function, phylogeny, presence/ absence/configuration in fossils, etc.). This is because, as stressed by Edgeworth (1935) and recently corroborated in the review by , 'no one criterion is sufficient, not even two.' For instance, although the innervation of a muscle generally remains constant and corresponds to its segment of origin, there are cases in which the same muscle has different innervations in different taxa Abdala & Moro, 2006 ; the nomenclature of the structures illustrated follows that of the present work). dI, dII, dIII, dIV and dV, digits I, II, III, IV and V; EACR, extensor antebrachii et carpi radialis; EACU, extensor antebrachii et carpi ulnaris; ED, extensor digitorum; EDB, extensores digitorum breves; EPITR, epitrochleoanconeus; FCR, flexor carpi radialis; FDL, flexor digitorum longus; FLEP, flexor plate; hum, humerus; PAC, pronator accessorius; palm-ses, palmar sesamoid; PRQ, pronator quadratus; PTR, pronator teres; rad, radius; T-FDL, tendons of flexor digitorum longus; ul, ulna.
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(e.g. though wholly of mandibular origin, the intermandibularis of dipnoans is innervated by cranial nerve V and/or VII). Also, there are cases in which the same muscle may be ontogenetically derived from different regions and/or segments of the body in different taxa (e.g. the trapezius of Ornithorhynchus is derived from the third branchial muscle-plate, that of Talusia from the second branchial muscle-plate and that of Sus from the first branchial muscle-plate).
As explained above, a large part of the data obtained from our dissections, comparisons and review of the literature is provided in Tables 1 and 2 . Because of this, and also because it is obviously not possible, due to space limitations, to provide an extensive discussion of the homologies and evolution for each of the pectoral and forelimb muscles, we will briefly summarize the information presented in the tables and pay special attention to issues that remain particularly controversial among morphologists.
Pectoral muscles derived from the postcranial axial musculature (Table 1) The plesiomorphic condition for sarcopterygians is that there are only two distinct pectoral muscles associated with the movements of the pectoral fins, one abductor and one adductor. This condition is found in extant dipnoans and is also seemingly found in extant actinistians (Diogo & Abdala 2007) . Contrary to the configuration found in actinopterygians and non-osteichthyan gnathostomes, such as living chondrichthyans, in sarcopterygian fish these two muscles extend far into the pectoral fin, thus giving to this fin its characteristic 'lobed' or 'fleshy' appearance (see, e.g. Bischoff 1840 ; Owen 1841; Romer 1924; Howell 1933b; Millot & Anthony 1958; Jessen 1972; Pough et al. 1996; Kardong 2002; Diogo 2004 Diogo & Abdala 2007) . The majority of the pectoral and forelimb muscles of tetrapods derive from the adductor and abductor muscles of basal sarcopterygians. However, a few of these muscles derive instead from the postcranial axial (epaxial and hypaxial) musculature. This musculature is mainly undivided in sarcopterygian fish but it is highly specialized in tetrapods (e.g. Jouffroy 1971). Within the non-mammalian taxa listed in Table 1 , four muscles derive from this axial musculature: serratus anterior, levator scapulae, sternocoracoideus and costocoracoideus (see, e.g. Jouffroy 1971). These four muscles connect the axial skeleton to the pectoral girdle and are thus associated with the movements of the pectoral girdle.
Most textbooks state that the rhomboideus (Figs 4, 5) , a muscle derived from the postcranial axial musculature that also connects the axial skeleton to the pectoral girdle, is Lessertisseur, 1971 ; the nomenclature of the structures illustrated follows that of the present work). ABPB, abductor pollicis brevis; ABPL, abductor pollicis longus; ANC, anconeus; BIC, biceps brachii; BRA, brachialis; CB, coracobrachialis; dI, dII, dIII, dIV and dV, digits I, II, III, IV and V; DS, deltoideus scapularis; ECU, extensor carpi ulnaris; ED, extensor digitorum; EDM, extensor digiti minimi; EDPR, extensor digiti III proprius; EIN, extensor indicis; EPL, extensor pollicis longus; FBP, flexores breves profundi; FCR, flexor carpi radialis; FDL, flexor digitorum longus; LD, latissimus dorsi; PAN, panniculus carnosus (cutaneous muscle); PMA, pectoralis major; PMI, pectoralis minor; RHO, rhomboideus; STM, sterno-mastoideus (branchial muscle); T-FBS, tendons of flexores breves superficiales; TLA and TLO, lateralis and longus sections of triceps brachii; TRA, trapezius (branchial muscle).
only consistently found in mammals (e.g. Walker 1954; Jouffroy 1971; Jouffroy & Lessertisseur 1971; Kardong & Zalisko 1998; Kardong 2002; Kisia & Onyango 2005) . In the non-mammalian tetrapods dissected by us, the rhomboideus does seem to be absent as an independent muscle (Table 1) . However, Dilkes (2000) stated that a 'rhomboideus' is found in numerous reptiles, and that what is not resolved is whether the plesiomorphic reptilian condition is to have one rhomboideus muscle or both a rhomboideus superficialis and a rhomboideus profundus. According to some authors, a 'rhomboideus' is also found in some anurans (e.g. Howell 1937b). Therefore, the hypothesis that the rhomboideus was originally present in the first amniotes and even in the first tetrapods, and that it was secondarily lost within these groups, cannot be rejected. A detailed phylogenetic study, including representatives of several extant tetrapod taxa but also taking into account the data available for fossils (e.g. Dilkes 2000), is needed to clarify this issue.
Other examples of mammalian pectoral muscles that are derived from the postcranial axial musculature and connect the pectoral girdle to the axial skeleton are the levator claviculae, atlantoscapularis anticus, atlantoscapularis posticus and subclavius (see Fig. 5 ). The former three muscles probably correspond to parts of the levator scapulae of non-mammalian tetrapods such as Timon; the latter muscle corresponds to the sternocoracoideus and/or costocoracoideus of those tetrapods (Table 1) .
Appendicular muscles of the pectoral girdle and arm (Table 1) As explained above, all of the muscles seen in the tetrapods discussed in this and the next section, are derived from the abductor and adductor muscles of the pectoral fin of basal sarcopterygians. With a few exceptions, all of these muscles insert directly on the forelimb (arm, forearm and/ or hand). One of the exceptions is the pectoralis minor, which in many mammals inserts on both the humerus and pectoral girdle but in others, including modern humans, inserts exclusively onto the pectoral girdle (usually onto the coracoid process). The homologies of the pectoralis minor and pectoralis major of mammals (Fig. 5) have been the subject of much controversy in the past. Some authors suggested that the mammalian pectoralis major corresponds to the pectoralis of other tetrapods (Fig. 2) , the pectoralis minor being derived from axial musculature (e.g. rectus abdominis) and being plesiomorphically attached to the pectoral girdle, not to the humerus (e.g. Lander 1918). Other authors suggested that it is in fact the Howell & Straus, 1933 and Jouffroy, 1971 ; the nomenclature of the structures illustrated follows that of the present work). ABPL, abductor pollicis longus; A-D, aponeurosis of deltoideus; ANC, anconeus; BIC, biceps brachii; BICL and BICB, longus and brevis (short) sections of biceps brachii; BRA, brachialis; BRRA, brachioradialis; CBB and CBP, brevis and proprius sections of the coracobrachialis; cl, clavicle; CLM, cleido-mastoideus (branchial muscle); CLO, cleido-occipitalis (branchial muscle); D, deltoideus; dI and dV, digits I and V; DEPI, dorsoepitrochlearis; ECRB, extensor carpi radialis brevis; ECRL, extensor carpi radialis longus; ECU, extensor carpi ulnaris; ED, extensor digitorum; EDM, extensor digiti minimi; EPITR, epitrochleoanconeus; FCR, flexor carpi radialis; FCU, flexor carpi ulnaris; FDS, flexor digitorum superficialis; INF, infraspinatus; LCL, levator claviculae; LD, latissimus dorsi; OMO, omohyoideus (hypobranchial muscle); PL, palmaris longus; PTR, pronator teres; rad, radius; RHO, rhomboideus; SA, serratus anterior; SSC, subscapularis; SUB, subclavius; SUP, supraspinatus; T-ED, tendon of extensor digitorum; TLA, TLO and TME, lateralis, longus and medialis sections of triceps brachii; TMA, teres major; TMI, teres minor; ul, ulna.
pectoralis minor that corresponds to the pectoralis of other tetrapods, the pectoralis major being derived from other appendicular muscles (e.g. from the 'supracoracoideus' and/or 'axillary' groups sensu Jouffroy 1971, e.g. Howell 1937ab). However, most authors now accept that both the pectoralis major and pectoralis minor derive from the pectoralis of non-mammalian tetrapods (e.g. Kardong 2002; Warburton 2003) . In fact, the data now available on the innervation and development of the pectoralis major and pectoralis minor clearly support this latter view (e.g. in the vast majority of mammals both of these muscles are innervated by pectoral nerves, and they derive from the same anlage during the development of, e.g. the marsupial Didelphis, e.g. Cheng 1955; Jouffroy 1971; Warburton 2003 ). This view is also supported by our own dissections (Table 1) . In monotremes such as Ornithorhynchus the pectoralis is similar to that of non-mammalian tetrapods such as Ambystoma (see Fig. 2 of Taricha). However, it is differentiated into an anterior, superficial component (pectoralis major) that is undivided and inserts onto the humerus, and a posterior, deeper component (pectoralis minor) that is also undivided and that also attaches onto the humerus, not to the pectoral girdle. In therian mammals such as the Norwegian rat, the pectoralis major attaches onto the humerus and is divided into three sections, which seemingly correspond to the clavicular, sternocostal and abdominal components of the pectoralis major of modern humans (Table 1) . The pectoralis minor is also divided into three components corresponding to the 'cephalic' (attaching on the pectoral girdle and humerus, and equivalent to the 'pectoralis minor' of some authors), 'caudal ' (attaching on the humerus, and equivalent to the 'pectoralis abdominis' of some authors) and 'tertius' (attaching on the pectoral girdle, and equivalent to the 'xiphiohumeralis' of some authors) components of the 'entopectoralis' of Lander (1918) ( Table 1 ). In the tree-shrew Tupaia the pectoralis major attaches to the humerus and is divided into two sections that seemingly correspond to the sternocostal and abdominal sections of the modern human pectoralis minor (the clavicular component being seemingly fused with the deltoideus clavicularis; Table 1 ). The pectoralis minor in Tupaia is divided into a 'cephalic' and a 'caudal' component sensu Lander (1918) . The former attaches to the humerus and shoulder capsule and the latter attaches exclusively onto the humerus. Contrary to the descriptions of Lander (1918) , in the Tupaia specimens dissected by us neither of these two sections attaches directly onto the coracoid process (see also Le Gros Clark 1924; George 1977). The major subdivisions and distal attachments of the pectoralis major and pectoralis minor of colugos and modern humans are essentially similar: the pectoralis major attaches to the humerus and is subdivided into clavicular, sternocostal and abdominal components; the undivided pectoralis minor attaches on the coracoid process of the scapula (Table 1 ). The data obtained from our dissections, comparisons and review of the literature therefore indicate that the plesiomorphic condition for extant mammals is to have a pectoralis minor inserting on the humerus, and not on the pectoral girdle as suggested by Lander (1918) .
It is now accepted that the mammalian supraspinatus and infraspinatus, which usually connect the dorsal region of the pectoral girdle to the proximal region of the arm (Fig. 5) , correspond to the supracoracoideus, a muscle that lies ventral, and not dorsal, to the pectoral girdle in most other extant tetrapods (Fig. 2, Table 1 , e.g. Jouffroy 1971; Kardong 2002). It is also accepted that the coracobrachialis, brachialis and biceps brachii of mammals correspond to the coracobrachialis, humeroantebrachialis and coracoradialis of non-mammalian tetrapods such as urodeles, and that the deltoideus scapularis, deltoideus clavicularis, deltoideus acromialis, teres minor and scapulo-humeralis anterior of the former correspond to the deltoideus scapularis and procoracohumeralis of the latter (Figs 2, 4 , 5, Table 1 , e.g. Jouffroy 1971; Kardong 2002; Warburton 2003) . The deltoideus scapularis, clavicularis and acromialis are fused into a single muscle in mammals such as modern humans (Table 1) .
There is still controversy regarding the origin of the mammalian dorsoepitrochlearis (Fig. 5) . This is one of the examples where different lines of evidence apparently support different hypotheses of homology, thus stressing (palmar) view, the contrahentes to digits IV and V were removed, and that to digit 1 was cut (the proximal region of the hand is towards the top of the figure; modified from Forster, 1917 and Jouffroy, 1971 ; the nomenclature of the structures illustrated follows that of the present work). ABDM, abductor digiti minimi; ABPB, abductor pollicis brevis; APO and APT, obliquus and transvs. sections of adductor pollicis; CD, vestigial, aponeurotic contrahentes digitorum to digits IV and V; 3, 4, 5, 6, 7, 8, 9 and 10, flexores breves profundi 1, 3, 4, 5, 6, 7, 8, 9 and 10; FDMB, flexor digiti minimi brevis; FPB, flexor pollicis brevis; inl, intercapitular ligaments; IMC-1 and 3, intermetacarpales 1 and 3; ODM, opponens digiti minimi; palm-a, palmar aponeurosis.
the importance of taking into account all of the data available (see above). Some authors, mainly influenced by the study of Cheng (1955) of the ontogeny of the muscles of the marsupial Didelphis, argue that the mammalian dorsoepitrochlearis corresponds to part of the latissimus dorsi of other tetrapods because both of these muscles seem to originate from the same developmental anlage (Jouffroy 1971; Jouffroy & Lessertisseur 1971; Warburton 2003) . Regarding innervation, the situation found in the phylogenetically plesiomorphic monotremes is ambiguous; the dorsoepitrochlearis is apparently innervated by branches of the nerves innervating both the triceps brachii (radial nerve) and the latissimus dorsi (subscapular nerves) (Jouffroy & Lessertisseur 1971) . In the vast majority of other mammals, including marsupials, however, the dorsoepitrochlearis is innervated solely by the radial nerve (Jouffroy 1971) . This has led some authors to argue that the mammalian dorsoepitrochlearis corresponds to part of the triceps brachii, and not of the latissimus dorsi of other tetrapods (Howell 1937b; Gibbs 1999) . Our dissections and comparisons indicate that when all of the lines of evidence are taken into account there is more support for an origin of the dorsoepitrochlearis from the triceps brachii. In most mammals the dorsoepitrochlearis is effectively deeply mixed with the latissimus dorsi proximally and the triceps brachii distally (Fig. 5B) . However, regarding its overall configuration and the direction of its fibers, the dorsoepitrochlearis is in general more similar to the triceps brachii than to the latissimus dorsi. As shown in, e.g. Fig. 5B , the dorsoepitrochlearis usually runs parallel to the triceps brachii, being almost, or completely, perpendicular to the proximal fibers of the latissimus dorsi with which it is associated. Its overall configuration, the direction of its fibers and its relation with other soft as well as hard tissues all suggest that the dorsoepitrochlearis is a medial, superficial, component of the triceps brachii that, instead of attaching proximally on the pectoral girdle, attaches onto the latissimus dorsi (Fig. 5B ). This hypothesis is also supported by phylogenetic parsimony. This is because, as shown in Table 1 Howell 1937abc; Jouffroy 1971; Jouffroy & Lessertisseur 1971 ; this work). According to various authors, within those mammals with a triceps brachii divided into long, medial and lateral heads, these correspond respectively to the 'scapularis', 'humeralis medialis' and 'humeralis lateralis' components of the triceps brachii of other tetrapods (e.g. Howell 1937b), i.e. the component that is missing in these mammals, the 'triceps coracoideus', is precisely a medial, superficial head of the triceps brachii that runs from the elbow to the pectoral girdle in most non-mammalian tetrapods (see, e.g. the descriptions of Walthall & AshleyRoss 2006 and Fig. 2C ). Thus, it is phylogenetically more parsimonious to assume that, during the evolutionary transition leading to mammals, the 'triceps coracoideus' was simply modified into a dorsoepitrochlearis than to assume that it was completely lost and that, in the course of the same evolutionary transition, a new muscle (that in many ways is very similar to the triceps coracoideus) was acquired through the differentiation of the latissimus dorsi. The former hypothesis does not force us to assume the loss of a certain structure, nor the emergence of a new one, whereas the latter hypothesis forces us to assume both. The fact that in various mammals the dorsoepitrochlearis is proximally attached to muscles other than the latissimus dorsi (e.g. teres major in tree-shrews; Table 1 ) also indicates that the association between these muscles was acquired secondarily, i.e. originally the structure that became the mammalian dorsoepitrochlearis was probably not attached to the latissimus dorsi. In summary, we consider that the available evidence supports this latter hypothesis, although the possibility that the dorsoepitrochlearis originated from the latissimus dorsi cannot be completely rejected (Table 1) . We plan to address this issue in a future study.
Probably due in part to the fact that in various mammals the distal portion of the latissimus dorsi blends with the distal portion of the teres major and/or that the latter is attached to the proximal portion of the dorsoepitrochlearis, some authors have suggested that the teres major (Fig. 5 ) corresponds to part of the latissimus dorsi of non-mammalian tetrapods such as Ambystoma (Romer 1924 Howell 1935 (Table 1) . Some textbooks continue to follow this view (e.g. Kardong 2002). However, most researchers now agree that the mammalian teres major corresponds to part of the subcoracoscapularis (Table 1) . In fact, the data now available regarding various lines of evidence, including development, innervation and topology, strongly support this hypothesis (e.g. the subscapularis and teres major develop from the same anlage in mammals as, e.g. Didelphis; these two muscles are innervated by similar subscapular nerves in most mammals; they are also intimately related or even fused in various mammals, e.g. Cheng 1955; Jouffroy 1971; Jouffroy & Lessertisseur 1971; Warburton 2003; this work) . (Table 2) forearm (usually flexors of the hand/digits and/or pronators of the forearm), the muscles of the hand (which are mainly ventral muscles and are often associated with the flexors of the hand/digits) and the dorsal muscles of the forearm (usually extensors of the hand/digits and/or supinators of the forearm) ( Table 2) .
Appendicular muscles of the forearm and hand
As explained and shown in Table 2 , the overall analysis of the data obtained from our dissections, comparisons and review of the literature allow well-supported hypotheses of homology to be established for most of the ventral forearm muscles. The mammalian pronator quadratus corresponds to the pronator quadratus of non-mammalian taxa such as Ambystoma (see Fig. 2C of Taricha), and the pronator accessorius found in lizards and many other reptiles (Fig. 3C) is the result of the differentiation of part of this muscle ( Table 2 ). The flexor digitorum longus of lizards such as Timon (see Fig. 3C of Phymaturus) corresponds to the flexor digitorum communis, flexor accessorius lateralis, flexor accessorius medialis and possibly contrahentium caput longum of urodeles such as Ambystoma (see Fig. 2A ,C of Taricha; Table 2 ). In monotremes the flexor digitorum longus blends with the tendons of the flexores breves superficiales, which are in fact ventral muscles of the hand (Fig. 4; Table 2 ). In most other extant mammals the compound structure formed by the former muscle and the latter tendons is subdivided into a flexor digitorum profundus, a palmaris longus and a flexor digitorum superficialis. The flexor digitorum superficialis is not comprised exclusively of the tendons of the flexores breves superficiales, for it also incorporates part of the fleshy belly of the flexor digitorum longus of, e.g. monotremes ( Fig. 5 ; Table 2 ). In a few mammals, including modern humans, there is a flexor pollicis longus, which is derived from the part of the flexor digitorum profundus that attaches to the first digit, or pollex (Lewis 1989) ( Table 2 ). The flexor carpi radialis, pronator teres (flexor antebrachii radialis), flexor carpi ulnaris and epitrochleoanconeus ('flexor antebrachii ulnaris') of mammals correspond to the same muscles in other tetrapods. Urodeles such as Ambystoma have an undivided flexor antebrachii et carpi radialis but a distinct pronator teres is found in various other amphibians (Table 2; see Fig. 2 
of Taricha).
There is empirical evidence supporting the contention that at least some of the 'palmaris longus' muscles of mammals are not homologous. For instance, some mammalian taxa have two 'palmaris longus' muscles, one being derived from the flexor digitorum superficialis and innervated by the median nerve, the other derived from the flexor carpi ulnaris and innervated by the ulnar nerve (e.g. Straus 1942; Jouffroy 1971) . According to Straus (1942) , most of the palmaris longus muscles of mammals are derived from the flexor digitorum superficialis; some are derived from the flexor carpi ulnaris, and a few from the flexor carpi radialis (in his view, this is the case in primates). Jouffroy (1971) states that, when the palmaris longus is derived from either the flexor digitorum superficialis or the flexor carpi radialis, it is always innervated by the median nerve. Only when it is derived from the flexor carpi ulnaris is it at least partially innervated by the ulnar nerve. Our dissections suggest that the palmaris longus muscles of the therian mammals listed in Table 2 are probably homologous and are derived from neither the flexor carpi ulnaris nor the flexor carpi radialis, although this latter hypothesis cannot be completely discarded in the case of modern humans. The palmaris longus of rats blends with the proximal portion of the flexor carpi ulnaris but it is innervated by the median nerve so it is probably not derived from the latter muscle (e.g. Greene 1935; this work). The palmaris longus of tree-shrews and colugos are also innervated by the median nerve, and their configuration suggests that they derive from the flexor digitorum superficialis (Le Gros Clark 1924 , 1926 George 1977; this work) . It is therefore not parsimonious to assume that the common ancestor of colugos, tree-shrews and primates had a palmaris longus muscle derived from the flexor brevis superficialis, and that during the course of the transition to primates that muscle was lost and a new palmaris longus, morphologically similar to the former but derived from the flexor carpi radialis, was acquired.
The homologies of the hand muscles have been the subject of numerous discussions, and remain controversial. Examples of mammalian hand muscles include: the palmaris brevis and flexor brevis digitorum manus, which are ventral (palmar, superficial) to the other muscles and are often poorly developed or absent; the abductor pollicis brevis and abductor digiti minimi, which usually lie on the ventrolateral (radial) and ventromesial (ulnar) surface of the hand and abduct the most lateral and most medial digits, respectively; the lumbricales, which are deeper and are usually associated with the tendons of the flexor digitorum profundus, often being related to the extension and/or flexion of different parts of the digits; the contrahentes digitorum, which are deep to the lumbricales and often adduct the digits; the flexores breves profundi, which are usually deep to the contrahentes digitorum and are biccipital, inserting, respectively, on the radial (lateral) and ulnar (medial) sides of the digits, and being mainly associated with the abduction, adduction, flexion and/or extension of different parts of the digits; and the intermetacarpales, which are the deepest (most dorsal) muscles of the hand and are usually related to the abduction of the digits. The dorsometacarpales are not present as independent muscles in extant mammals (Table 2 and Figs 4, 5).
As shown in Table 2 and explained above, in extant mammals the flexores breves superficiales are not present as a group but some of the mammalian muscles do include/correspond to part of these muscles. This is precisely the case with the palmaris brevis and flexor brevis digitorum manus. This is also the case with the tendons that are fused with the monotreme flexor digitorum longus and incorporated into the therian flexor digitorum superficialis (Table 2 and Fig. 4A ; see above and, e.g. Howell 1936a; Straus 1942; Jouffroy 1971; Lewis 1989) . As convincingly argued by Lewis (1989) , the abductor pollicis brevis and abductor digiti minimi of mammals (Fig. 6) do not correspond to part of the flexores breves superficiales of other tetrapods. In fact, our dissections confirm the observations in the literature that the flexores breves superficiales, abductor pollicis brevis and abductor digiti minimi may coexist in various non-mammalian tetrapods ( Table 2 ). The lumbricales, contrahentes digitorum, flexores breves profundi and intermetacarpales are also found in tetrapods other than mammals ( Table 2 ).
The first contrahentes digitorum (to digit I) is highly developed in many mammals, and is sometimes divided into transverse and oblique heads; many researchers use the name adductor pollicis to designate this muscle (Table 2 and Fig. 5 ). In various mammals, including modern humans, the other contrahentes digitorum are aponeurotic (Fig. 6 ) or absent as independent structures. Interestingly, early in their ontogeny modern humans have four contrahentes digitorum; that of digit I gives rise to the well-developed adductor pollicis, with perhaps some contribution from that of digit II; those of digits IV and V, as well as part of that of digit II, apparently become incorporated into the dorsal interossei (Cihak 1972) . Therefore, the main difference between adult mammals such as chimpanzees (Fig. 6 ) and modern humans may be that in the former the contrahentes digitorum to digits IV and V do not become completely incorporated ontogenetically into the interossei muscles, persisting as independent, although highly reduced and aponeurotic, structures in later developmental stages.
According to Lewis (1989) the plesiomorphic condition for mammals, and probably also for primates, is to have 10 flexores breves profundi inserting on the lateral (radial) and medial (ulnar) sides of the five digits. It should be noted that each of the 10 flexores breves profundi of Lewis corresponds to one of the two heads of each of the five biccipital flexores breves profundi of authors such as Haines (1950 Haines ( , 1955 , i.e. the flexores breves profundi 1 and 2 of Lewis correspond respectively to the radial and ulnar head of the flexor brevis profundus I (to digit I) of Haines, the flexores breves profundi 3 and 4 of Lewis correspond to the radial and ulnar head of the flexor brevis profundus II (to digit II) of Haines, and so on. According to Lewis (1989) each palmar interossei of primates such as chimpanzees corresponds directly to one of the flexores breves profundi of non-mammalian tetrapods. In his view, mammals such as chimpanzees therefore have nine flexores breves profundi (Fig. 6) : the flexor pollicis brevis + opponens pollicis inserting on digit I and metacarpal I (his flexor brevis profundus 1), a first palmar interosseous inserting on the lateral side of digit II (flexor brevis profundus 3), a second palmar interosseous inserting on the medial side of digit II (flexor brevis profundus 4), a third palmar interosseous inserting on the lateral side of digit III (flexor brevis profundus 5), a fourth palmar interosseous inserting on the medial side of digit III (flexor brevis profundus 6), a fifth palmar interosseous inserting on the lateral side of digit IV (flexor brevis profundus 7), a sixth palmar interosseous inserting on the medial side of digit IV (flexor brevis profundus 8), a seventh palmar interosseous inserting on the lateral side of digit V (flexor brevis profundus 9), and the flexor digiti minimi brevis + opponens digiti minimi inserting on the medial side of digit V and of metacarpal V (flexor brevis profundus 10). A palmar interosseous inserting on the medial side of digit I (flexor brevis profundus 2) may be found in a few Pan specimens; these specimens thus exhibit all of the 10 flexores breves profundi (Lewis 1989; this work). According to this scenario, the three palmar interossei inserting respectively on the medial side of digit II, the lateral side of digit IV and the lateral side of digit V in modern humans correspond to the flexores breves profundi 4, 7 and 9 (i.e. to the second, fifth and seventh of the seven palmar interossei) found in most chimpanzees. The flexores breves profundi 3, 5, 6 and 8 of modern humans (which correspond to the first, third, fourth and sixth of the seven palmar interossei found in most chimpanzees), fuse with the intermetacarpales (and eventually also with some contrahentes digitorum and/or some dorsometacarpales) to form the four dorsal interossei (Cihak 1972; Lewis 1989) (Table 2 ). As a consequence the 'dorsal interossei' of mammals are not necessarily equivalent. For example, the four 'dorsal interossei' of chimpanzees are not equivalent to the four dorsal interossei of modern humans because they receive little or no contribution from the flexores breves profundi, i.e. they essentially correspond to the intermetacarpales of non-mammalian tetrapods, although they may eventually also include part of the contrahentes digitorum and/or of the dorsometacarpales, as explained above (Table 2 and Fig. 6 ).
Some authors consider that the intermetacarpales, contrahentes digitorum (excluding the adductor pollicis) and dorsometacarpales are missing in monotremes (e.g. Howell 1937d; Jouffroy & Lessertisseur 1971) . Our dissections of Ornithorhynchus confirm that these muscles are effectively not present as independent structures in this taxon. However, as in mammals such as modern humans at least some of these muscles fuse with the flexores breves profundi (e.g. to form the dorsal interossei, see above), the possibility that in monotremes at least parts of them are incorporated into the flexores breves profundi cannot be ruled out (Table 2) . A detailed ontogenetic study of the hand muscles in monotremes, such as the one undertaken by Cihak (1972) in modern humans, is needed to clarify this issue.
The detailed analysis of the data obtained from our dissections, combined with the information provided in the literature, has allowed us to develop robust hypotheses of homology for most of the dorsal muscles of the forearm. The extensor carpi radialis longus, extensor carpi radialis brevis, brachioradialis and supinator of mammals (Fig. 5) clearly correspond to the extensor antebrachii et carpi radialis of non-mammalian tetrapods such as Ambystoma (see Fig. 2 of Taricha) ( Table 2 ). In fact, according to some authors, in some urodeles, e.g. Necturus, as well as in some other non-mammalian taxa such as crocodylians, part of the extensor antebrachii et carpi radialis is differentiated into at least one of the four former muscles (Haines 1939; Jouffroy 1971; Jouffroy & Lessertisseur 1971; Lewis 1989; Meers 2003) (Table 2 ). In mammals such as modern humans part of the abductor pollicis longus forms the extensor pollicis brevis (Jouffroy 1971; Kaneff 1980a; Lewis 1989 ; this work) ( Table 2 ). Most authors consider that, contrary to the condition in other tetrapods, in extant mammals the extensores digitorum breves are not present as a group. This is because mammals often lack some of these muscles, and those that remain are usually considered to be functionally independent of each other (e.g. modern humans usually lack short extensors to digits III and IV; Table 2 , see also, e.g. Howell 1936b; Haines 1939; Jouffroy 1971; Jouffroy & Lessertisseur 1971; Lewis 1989 ). However, it should be noted that the outcome of our dissections, comparisons and review of the literature suggests that the first mammals may well have had four, or even five, muscles corresponding to the extensores digitorum breves of other tetrapods. In fact, the phylogenetically most plesiomorphic extant mammals, the monotremes, have four muscles that seemingly correspond to the extensores digitorum breves of other tetrapods (the extensor pollicis longus, extensor indicis, extensor digiti III proprius and extensor digiti minimi; Table 2 ). Moreover, a fifth short extensor, the extensor digiti quarti, is found in some therian mammals such as rats. The extensor digiti minimi of mammals such as tree-shrews (which usually inserts on digits 4 and 5) seems to correspond to the extensores digitorum breves of digits 4 and 5 of other tetrapods and, thus, to the extensor digiti minimi and extensor digiti quarti of rats ( Table 2 ). The extensor indicis of mammals such as rats and tree-shrews (which usually inserts on digits 2 and 3) seems to correspond to the extensores digitorum breves of digits 2 and 3 of other tetrapods and, thus, to the extensor digiti III proprius and extensor indicis of monotremes (Table 2) . A detailed comparative investigation of the development and innervation of the short extensors in tetrapods is, however, needed to clarify the exact homologies between the muscles of amphibians, reptiles, monotremes, marsupials and placentals.
Some authors have stated that the mammalian anconeus, a small muscle situated on the dorsal region of the elbow (Figs 4, 5) , is derived from the triceps brachii (e.g. Howell 1936b Howell , 1937b . However, it is now commonly accepted that this small muscle corresponds to part of the extensor antebrachii et carpi ulnaris of taxa such as Ambystoma and Timon (Haines 1939; Jouffroy 1971; Jouffroy & Lessertisseur 1971; Lewis 1989) (Table 2 ; see Fig. 2 of Taricha and Fig. 3 of Phymaturus) . In fact, in various non-mammalian tetrapods this latter muscle is divided into an extensor carpi radialis and an anconeus, also referred to as 'extensor antebrachii ulnaris ' (Haines 1939; Jouffroy 1971; Jouffroy & Lessertisseur 1971) . According to Lewis (1989, p. 133) , the intimate relationship between the mammalian anconeus and triceps brachii is 'clearly a secondary feature' because in reptiles such as Sphenodon the anconeus and the triceps brachii are clearly distinct. Lewis exposes the flaw in the argument that the mammalian anconeus is derived from the triceps brachii because it is innervated by the radial nerve, by pointing out that 'the nerve that supplies the anconeus of mammals is merely the attenuated remnant of a branch (sometimes called nerve extensorius caudalis) which enters the forearm to join the posterior interosseous nerve (nerve extensorius caudalis) in more primitive tetrapods and participate in the nerve supply of the forearm extensor musculature'. The elegant study of Shellswell & Wolpert (1977) of the development of the chicken forelimb muscles strongly supports the proposal that, at least in this tetrapod taxon, the anconeus is effectively derived from the extensor antebrachii et carpi ulnaris, and not from the triceps brachii.
General remarks
With respect to changes in the number of pectoral and forelimb muscles, the most striking transition within sarcopterygian evolutionary history was that leading to the origin of tetrapods (Table 2) . Whereas extant sarcopterygian fish have an abductor and an adductor of the fin and mainly undifferentiated hypaxial and epaxial musculature, extant salamanders such as Ambystoma and Taricha have more than 40 pectoral and forelimb muscles (including all of the intrinsic muscles of the hand, such as the flexores breves superficiales, flexores breves profundi, etc.; Walthall & Ashley-Ross 2006; this work). There is no clear increase in the number of pectoral and forelimb muscles at the time of the evolutionary transition leading to mammals, and there is certainly no increase at the time of the transition leading to the emergence of 'higher' primates and modern humans. In fact, within the amniotes listed in Table 2 , humans are those with a smaller number of pectoral and forelimb muscles (59 muscles in total). One of the regions where modern humans clearly have a smaller number of muscles than many other tetrapods is precisely the one that supposedly makes us so special: our hand (see, e.g. Brooks 1886ab, 1887 Forster 1917; Bunnell 1942; Cihak 1972) . For example, whereas modern humans usually have 19 intrinsic muscles of the hand (1 palmaris brevis + 4 lumbricales + 1 adductor pollicis + 3 palmares interossei + 4 dorsales interossei + 1 flexor pollicis brevis + 1 opponens pollicis + 1 flexor digiti minimi brevis + 1 opponens digiti minimi + 1 abductor digiti minimi + 1 abductor pollicis brevis), lizards such as Polychrus may have more than 35 (see, e.g. Moro & Abdala 2004) . The mobility of the hand and its digits is, of course, only partly related to the number of hand muscles (Lewis 1989) . This clearly stresses that evolution is not directed 'towards' a goal, and surely not 'towards' humans. Each taxon has its own particular mix of primitive and peculiar derived anatomical structures, which is the result of its own unique evolutionary history (see also Diogo et al. 2008) . That is why lizards and other reptiles, for instance, have peculiar muscles such as the pronator accessorius, which are not found in other extant tetrapods, including mammals and that is why throughout this report we prefer to use the term correspond because muscles such as the pronator accessorius are not 'ancestral' to the muscles of mammals. The pronator accessorius simply corresponds to a part of the pronator quadratus of non-reptilian tetrapods that, in lizards and various other reptiles, becomes sufficiently differentiated to deserve being recognized as a separate muscle. In the case of the hand muscles, for instance, if there is a 'trend' at the time of the transitions that led to the origin of mammals and subsequently of mammalian groups such as primates and modern humans, then it is to reduce, and not to increase, the total number of muscles (e.g. various flexores breves superficiales, contrahentes digitorum and flexores breves profundi are either lacking or are fused with other muscles in the hand of modern humans; see above).
Before ending this report, we would like to stress that the suggested homologies summarized in Table 2 are simply hypotheses that need to, and hopefully will, be tested by data obtained in the future. What we have provided are the most strongly supported hypotheses based on a painstaking analysis of the results of our own dissections combined with the existing data. However, as explained in the text and in Table 2 , and shown by the grey arrows of Table 2 , some issues are still problematic and need to be addressed in future studies. For example, detailed comparative ontogenetic studies of key taxa such as the monotremes, as well as of various other mammalian and non-mammalian tetrapods, are clearly needed. We plan to undertake such studies in the future. In the meantime we hope that the information presented in this report will provide a useful interim statement about the comparative anatomy, homologies and evolution of the pectoral and forelimb muscles of mammalian and non-mammalian sarcopterygians.
